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Chiral Gold-PPA Nanocomposites with Tunable Helical Sense and 
Morphology 
Julián Bergueiro‡, Manuel Núñez-Martínez‡, Sandra Arias, Emilio Quiñoá, Ricardo Riguera and Félix 
Freire* 
A novel type of stimuli-responsive dynamic helical polymer-metal nanoparticle nanocomposite formed by a helical 
poly(phenylacetylene) (PPA) combined with gold nanoparticles (AuNPs) is described. Thus, several PPA copolymers 
containing the ethynyl-4-benzamide of (S)-phenylglycine methyl ester (M1) to dictate the helical structure/sense of the 
copolymer, and the ethynyl-4-benzamide of the 11-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)undecane-1-thiol (M2) to 
link the copolymer to the AuNPs are prepared. Different morphologies of these nanocomposites were obtained by 
considering the thiol ratio and the self-assembly properties of the PPA, which generates from dispersed AuNPs until fibre 
like structures. All these nanocomposites show a dynamic chiral behaviour, being possible to manipulate their helical 
sense by the action of external stimuli. Moreover, it is possible to control the aggregation of these nanocomposites into 
macroscopically chiral nanospheres with low polydispersity by using Ba2+ as crosslinking agent.
Introduction 
Hybrid nanomaterials1,2 had become a very important area 
in nanoscience thanks to the synergistic combination of the 
properties of their building blocks. In this way, new 
nanoengineered materials with morphological diversity and 
potential applications in photonics,3 optics,4 asymmetric 
catalysis,5 selective separation,6 chiral sensing and 
recognition7 and drug delivery,8 have been described. 
Gold nanoparticles (AuNPs) have been widely employed as 
inorganic building blocks to form these nanocomposites. 
This is due to their plasmon related unique optical 
properties that facilitate applications like fluorescence, 
surface enhance Raman spectroscopy (SERS),9-11 
phototransducers in photothermal therapy (PTT)12-13 and 
ultrasound among others. Moreover, the easy surface 
modification of the AuNPs with thiolated organic molecules 
allow their functionalization and the production of a variety 
of nanomaterials.14-16As organic building blocks to form 
these kind of nanocomposites different chiral small 
molecules, supramolecular polymers and natural 
biomacromolecules such as proteins, RNA or DNA were 
used in combination with AuNPs.17-18 From these studies, 
only a very limited number of reports employed chiral 
synthetic polymers for this purpose.19 Moreover, in most of 
the AuNPs based nanocomposites reported, the chiral 
coating of the AuNPs, is static. This means that the helix of 
the biomolecule (protein, DNA, polymer) constituting the 
coating, is not altered -inverted or enhanced- by the 
formation of the nanocomposite. An important 
breakthrough in this aspect has been recently presented by 
Prof. Zhao et. al.  They showed that the chirality of a hybrid 
material composed by an organogelator and AuNPs can be 
tuned by manipulation of the coordination of the 
organogelator to the Au(III) atoms, before the formation of 
the gold nanoparticles.20 
 
 
Scheme 1. Conceptual representation of Au-DHP nanocomposites with a 
dynamic chiral soft component. 
Herein, we describe how the combination of AuNPs with 
dynamic helical polymers (DHP)21-24 produces new 
nanocomposites with tunable helical sense, and 
nanoaggregates with controlled size and morphology 
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(Scheme 1). We reasoned that the use of preformed helical 
thiolated copolymers in the synthesis of hybrid materials 
would allow us to achieve a better control over the 
morphology of the nanocomposites obtained. Thus, by 
tuning the amount of thiolated monomer within the 
copolymer it is possible to control the number of 
connecting points towards the AuNPs surface. Moreover, 
considering the helical structure defined by the helical 
copolymer, it is expected that the different thiol groups 
point to different directions from the helix (Figure 1). 
Furthermore, the metal nanoparticles can be used to 
crosslink different polymer chains, fact that is favored by 
the different spatial orientation of the thiol groups within 
the helical structure. As a result, nanocomposites with 
different morphologies should be obtained. 
 
Figure 1. Graphic illustration of the potential helical structure adopted by 
poly-[M1r-co-M21-r] highlighting the possible distribution of monomer 2 
within the helix scaffold. 
Results and Discussion 
As organic component of the composite, we chose 
poly(phenylacetylene)s25-33 (PPA)s PPAs bearing amino acid 
residues as substituents. This class polymers adopt helical 
structures where the P /M helix is stabilized by hydrogen 
bonds between neighboring pendants —nth and (n+2)th or 
nth and (n+3)th— which are arranged into a b-sheet like 
orientation.34 Nevertheless, external stimuli that modify the 
conformation of the pendants or their hydrogen bonding 
are known to produce relevant structural changes —helix 
inversion and/or elongation—.35-41 The preparation of the 
Au-PPA nanocomposite requires the presence in the PPA 
polymer of thiol groups necessary to link the PPA to the 
metal nanoparticle. Thus, we decided to use a copolymer 
composed by a major component designed to keep the 
helical structure and its response to the stimuli and another 
co-monomer that bears a thiol group to link the PPA to the 
metal nanoparticle (minor component).  
In this way, we selected the 4-benzamide of the 
phenylglycine methyl ester (M1) as the comonomer that 
controls the helical structure and the 4-benzamide of the 
11-((2-(2-(2-aminoethoxy)ethoxy)ethyl)amino)undecane-1-
thiol (M2) as the component designed link to the gold 
(Figure 2). 
The polymerization of the mixture M1-M2 in the final 
copolymer poly-(M1r-co-M21-r) was determined by NMR. All 
copolymers were fully characterized by NMR, UV, CD, IR, 
Raman, TGA, DSC and GPC (See ESI).  
The concentration of thiolated groups in the copolymers 
was found to have a strong effect on the solubility of the 
material and in fact, only insoluble gels are obtained when 
the molar fraction of M2 is higher than 0.05, probably due 
to the formation of inter chains disulfide bonds. Therefore, 
we selected for our study copolymers with a thiol molar 
fraction in the range of 0.01 to 0.05 and explored measures 
to avoid thiol oxidation during the synthesis and 
purification. The following two synthetic approaches were 
examined and compared: 
1) Copolymerization of M1 with the unprotected 
thiolated monomer M2 in the presence of TIPS-SH to 
avoid thiol oxidation (See ESI for details) (route 1). 
2) Copolymerization of M1 with the trityl protected 
monomer M2, followed by deprotection of the resulting 
copolymers with TFA/TIPS-SH (See ESI for details) (route 
2). 
Thus, copolymers poly-(M10.99-co-M20.01); poly-(M10.98-co-
M20.02); poly-(M10.97-co-M20.03); poly-(M10.96-co-M20.04), and 
poly-(M10.95-co-M20.05) were prepared allowing us to study 
by CD the influence of the two different approaches and 
comonomers over the net PPA helicity. These studies 
revealed that the trityl protected copolymers (method 2) 
present practically the same CD as the parent 
homopolymer poly-M1. This fact indicates that the 
introduction in the main chain of the (Trt)-M2 protected 
monomer at low comonomer ratios does not affect the 
helical structure determined by the chiral phenylglycine 
monomer M1. In contrast, the copolymers obtained using 
the unprotected M2 (method 1) present with respect to 
poly-M1, an important helix decay of around 40-50%. This 
fact indicates that the introduction of the thiolated 
comonomer in the main chain, produce some 
destabilization of the helical arrangement. This helical 
disturbance should occur nearby the thiolated group within 
the copolymer chain, and therefore should depend on thiol 
group ratio. Nevertheless, the depletion of the helical 
folding is practically the same within 0.01 to 0.05 molar 
fraction, suggesting that perhaps the thiolated groups are 
not randomly distributed but somehow accumulated 
likewise in a block copolymer. 
Alternatively, when the (Trt)-M2 protected copolymers 
were deprotected with TFA (1% v/v), an 80% reduction of 
the CD trace was observed. Poly-M1 is perfectly stable in 
those conditions (see ESI), therefore, the TFA deprotection 
of M2 is the factor that triggers this important loss of helical 
preference. In any case, this unfolding renders useless for 
our purpose the copolymers prepared by the 
protection/deprotection approach. Therefore, we centered 
our studies on the copolymer series obtained by direct 
polymerization of comonomers M1 and M2, which 
conserve a significant helical preference. 
 
poly-[M1r-co-M21-r],  (cis-transoidal, ω1 = 150º)







poly-[M1r-coM21-r],  (cis-transoidal, ω1 = 150º)
poly-M1 (cis-transoidal, ω1 = 150º)
Journal Name  COMMUNICATION 
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  
Please do not adjust margins 














Figure 2. Synthesis and structure for poly-(M1r-co-M21-r) copolymers series. 
 
Structural studies —DSC, CD, UV (see ESI)— on the poly-
(M1r-co-M21-r) (r = 0.99-0.95) series indicated that 
copolymers containing thiolated units conserve the helical 
structure commanded by monomer M1, in poly-M1 (CD (-), 
Mhelix), and that the folded part of the chain adopts the 
same cis-transoidal helical scaffold. 
In addition, these copolymers respond to stimuli such as 
solvent polarity and Li+ ions43-44 as the parent homopolymer 
M1. Thus, the series poly-(M1r-co-M21-r) (r = 0.99-0.95), 
were shown to invert their helical sense by polarity changes 
of the solvent or by addition of LiClO4 (Figure 3c and ESI). 
 
Figure 3. Comparative CD values for poly-M1 and poly-(M1r-co-M21-r) 
copolymers (r = 0.99-0.95) prepared by (a) direct synthesis or (b) by a 
protection/deprotection approach. c) Dynamic behavior of poly-M1 and 
poly-(M1r-co-M21-r) (r = 0.99-0.95) obtained by direct copolymerization after 
the addition of LiClO4. 
During these studies we found that the presence of external 
stimuli affects the folded fragment of the polymer chain 
only, producing a helix inversion or amplification 
proportional to the folded contain of the copolymer but 
never reaching the levels of the parent homopolymer. For 
instance, the CD spectra of poly-(M10.99-co-M20.01) shows 
with respect to poly-M1, a 40% decay  and conversely, 
when compared to poly-M1/Li+  complex, the CD of 
copolymer metal complex poly-(M10.99-co-M20.01)/Li+ suffers 
a 40% decay too. 
Once copolymers with dynamic response to stimuli were 
obtained, grace to comonomer M1, we tried to link the 
thiolated monomers M2 to the AuNPs. To that end, poly-
(M10.99-0.95-co-M20.01-0.05) were combined with AuNPs using 
a variation of the Brust-Schiffrin method (BS).42  
Dodecanethiol was added during the nanocomposite 
formation to improve the stabilization of the AuNPs (see ESI 
for experimental details). The resulting Au-poly(M1r-co-
M21-r) hybrid materials were purified by precipitation, re-
dispersion and centrifugation. Finally, the different 
products were further purified by gel permeation 
chromatography (GPC) (Figure 4 and see ESI). These 
nanocomposites are very stable, can be stored in solid state 
for months being possible to redisperse them in solution 
without altering their properties. 
Figure 4 shows the GPC chromatograms recorded at 380 
(helical polymer absorption) and 540 nm (nanoparticle 
plasmon band) for three different THF solutions containing 
the copolymer (solution 1), dodecanethiol@AuNPs 
(solution 2) and the hybrid material —Au-poly-(M10.95-co-
M20.05)—, which clearly demonstrate the formation of the 
nanocomposites (see ESI for the GPC data). In accordance 
with that, the UV spectra of nanocomposites (0.7 mg mL-1, 
CHCl3) showed the plasmon band at 520 nm indicating the 
presence of AuNPs (Figure 4d), while the CD spectra show 
the trace typical for a helical PPA. Therefore, these results 
indicate that nanocomposites are chiral, showing an excess 
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nanoparticle (Figure 4e-f and ESI). Interestingly, the 
formation of the composite is accompanied with a CD signal 
decay when compared to the corresponding parent 
copolymers (Figure 5d and ESI). This reduction of the helical 
content is not related to the synthetic procedure used to 
prepare the nanocomposites, which does not act on the 
helicity of the polymer (see ESI). Therefore, the helix 
depletion is produced by the presence of AuNPs in the 
material. In our view, this helical decay could be interpreted 
as the result of the close proximity of the AuNPs to the 
helical scaffold which results in a partially distorted scaffold 
due to its dynamic behavior. 
 
Figure 4. a) GPC chromatograms of (a) AuNPs@dodecanethiol, (b) poly-
(M10.95-co-M20.05), (c) Au-poly-(M10.95-co-M20.05) at 380 and 540 nm. (d) CD 
and UV spectrum of Au-poly-(M10.95-co-M20.05) in CHCl3. (e) Comparison of 
CD spectra for Au-poly-(M10.95-co-M20.05) and poly-(M10.95-co-M20.05). (f) 
Dynamic helical behaviour of Au-poly-(M10.95-co-M20.05) in polar and low-
polar solvents (See ESI for experimental details). 
Stimuli responsive studies on these nanocomposites reveal 
that these hybrid materials are dynamic and respond to the 
presence of external stimulus such as polarity changes 
(Figure 4f). Interestingly, in spite of the well-known 
response of the helix of poly-M1 and copolymers poly-(M1r-
co-M21-r) to complexation with Li+ ion, the helicity of the 
nanocomposites is not affected by the addition of Li+ salts. 
The same effect was observed when Li+ was added to a 
mixture of poly-M1 and AuNPs@dodecanethiol, leading us 
to conclude that, for some reason, in the presence of AuNP 
the lithium ion is not able to complex with the polymer.  
Finally, electron microscopy studies were carried out to 
study the morphology of the hybrid materials. SEM/TEM 
images showed that the morphology of the composite is 
directly related to the amount of the thiolated monomer in 
the copolymer. In this way, while composite Au-poly-
(M10.99-co-M20.01) is formed mainly by isolated 
nanoparticles that should be decorated with a single 
polymer chain (Figure 5), other copolymers containing 
larger amounts of the thiolated monomer, e. g. Au-poly-
(M10.97-co-M20.03), forms fibers due to the presence of 
more than one nanoparticle per copolymer chain (Figure 5). 
Thus, the Au nanoparticles are acting as crosslinking agents, 
bringing together several copolymer chains, which can 
further self-assembly by hydrogen bond interactions 
between pendants (Figure 5). This fact also explains the 
formation of a microgel in Au-poly-(M10.95-co-M20.05). 
In a complementary assay, we tested the action of Ba2+ ions 
—known to induce aggregation on poly-M1— on the 
composites and it was found that —as before with Li+— the 
results differed depending on the thiolated contain of the 
copolymer. In this way, upon addition of Ba(ClO4)2 solution, 
nanocomposites with low thiol contain, produced new 
materials —Au-poly-(M10.99-co-M20.01)/Ba2+ and Au-poly-
(M10.98-co-M20.02)/Ba2+—, easily  visualized  by the 
formation of new bigger aggregates, (Figure 5)45 shown to 
be nanospheres with a size that depend on the amount of 
thiolated group in the copolymer and Barium added.  
Thus, particles with average hydrodynamic diameter size of 
482 and 534 nm are obtained when Au-poly-(M10.99-co-
M20.01) is treated with 0.2 and 0.4 equiv. of Ba2+ 
respectively, while particles with 366  and 420 nm result 
when 0.2 and 0.4 equiv. of Ba2+ are added to Au-poly-
(M10.98-co-M20.02). 
For its part, in the case of the composites with larger 
thiolated contain, Au—poly-(M10.97-co-M20.03), Au-poly-
(M10.96-co-M20.04) and Au-poly-(M10.95-co-M20.05)—, the 
addition of Ba2+ solution had no impact on the original 
fibers neither in the gel probably due to the already 
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Figure 5. Electronic Microscopy studies and graphic illustration of the nanoassemblies adopted by poly-(M1r-co-M21-r) highlighting the crosslinking ability of the 
AuNPs and the self-assembling properties of the PPA. 
Conclusions 
In conclusion, we have studied the role of a 
macromolecular helical structure in the formation of a 
helical polymer-Au nanocomposite. To perform these 
studies a poly(phenylacetylene) bearing the benzamide of a 
phenylglyicine methylester (M1) as pendant group was 
chosen. 
This selection was done based on our knowledge in the 
structure and dynamic behavior of the polymer. To form 
the nanocomposite, a thiolated monomer was introduced 
in the polymer chain. This thiolated monomer has a 
structural effect on the copolymer secondary structure and 
its dynamic behavior before and after the formation of the 
hybrid material. 
Thus, the introduction of the thiolated comonomer in the 
copolymer chain destabilize the helical arrangement of the 
M1 monomers placed close to this residue. Interestingly, 
we found that the thiol groups should be located in nearby 
positions, because the depletion of the helix folding it is not 
further affected by increasing the amount of the thiol group 
in a molar fraction range of 0.01-0.05. 
Additionally, hybridization of these thiolated copolymers 
with AuNPs produces another perturbation in the polymeric 
secondary structure, although its dynamic behavior it is not 
affected, being possible to modulate the nanocomposite 
chirality by the action of external stimuli such as solvent 
polarity.  
Next, we found that the morphology of the 
nanocomposites can be modulated through the thiolated 
monomer ratio within the copolymer chain. Thus, at the 
lowest thiolated molar fraction (0.01), the nanocomposite 
appears as dispersed AuNPs in electron microscopy. 
Interestingly, at higher molar ratios of the thiolated 
monomer, the controlled formation of fiber like structures 
is produced by combining the crosslinking ability o of the 
AuNPs with the self-assembly properties of the copolymer.  
Finally, a further controlled self-assembly of a 
nanocomposite was achieved by using metal ions (Ba2+) as 
crosslinking agents. Thus, in the case of Au-poly-(M10.98-co-
M20.02) and Au-poly-(M10.99-co-M20.01) it was possible to 
generate macroscopically chiral nanospheres, whose size 
could be controlled by tuning the nanocomposite/Ba2+ 
ratio. 
Therefore, a first insight into the control over the chiral 
dynamicity of plasmonic nanocomposites was 
demonstrated. Notably, a first controlled assembly into 
different nanomorphologies was achieved by considering 
the thiol comonomer content and the helix-to-helix 
supramolecular interactions. Besides, by using metal ions as 
crosslinking agents, some of these morphologies are further 
nanostructured into macroscopically chiral nanospheres 
with low polydispersity. 
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